The membrane distillation process for the concentration of highly saline waters using air-gap distillation apparatuses equipped with Russian-made membranes has been studied. It has been shown that the proposed approach provides a fourfold increase in the concentration of solutions with the simultaneous production of fresh water that is suitable at least for technical needs. The results obtained may be of interest for concentrating water of various origins.
INTRODUCTION
Membrane distillation (MD) is becoming an increasingly popular process for solving a wide range of problems in the field of purification or concentration of various solutions, from desalination of seawater to treatment of process water of various origins [1] [2] [3] [4] . Since all configurations of membrane distillation devices are equipped with hydrophobic membranes, they have two fundamental advantages. The first is that these membranes have 100% selectivity, since only water vapor passes through their pores, and the second, they are not subject to fouling [5] . These benefits of MD processes, as well as the possibility of using low-voltage energy sources for their implementation, determine the advantages of membrane distillation in processes for concentrating various salts to produce simultaneously both concentrates close to saturation and water that is suitable at least for technical purposes. To solve these problems, the most appropriate option is air-gap membrane distillation (AGMD) [6] [7] [8] [9] . The choice of ADMD devices is determined on the basis of the following considerations: minimal heat loss in comparison with other options and the possibility of high recovery of fresh water. For example, in the case of direct-contact membrane distillation (DCMD), the proportion of water recovered from salt solutions (using a sodium chloride solution as the model) cannot exceed 60%, since salt deposition on the membrane surface is possible in the temperature range of 60-80°C [10] . At the same time, the AGMD process described in [11] provided the effective desalination of water and the production of solutions with a concentration of sodium chloride above the saturation point in the temperature range of 60-80°C. This process has opened up new possibilities with the use of an air-gap membrane distillation unit in which the dense condensation surface (DCS-AGMD) is replaced by a porous surface (PCS-AGMD). This design solution made it possible to minimize the air gap width to values of about 0.1-2.0 mm with preserving stable operation of the device [11, 12] . In this configuration, the process of desalination of model sodium chloride solutions with an initial concentration of 5-40 g/L was implemented with a salt rejection factor of 99.2-99.9% and a permeate flux of 8.1-8.9 kg/(m 2 h).
The effectiveness of all configurations of the membrane distillation process is determined by the characteristics of the separation membranes. The properties of most of the known types of commercial membranes used in membrane distillation processes: flat sheet, hollow fiber, and capillary (a total of about 50 types), were an analyzed in a detailed review [3] . The first thing to note is that the material of the vast majority of membranes is polytetrafluoroethylene or polyvinylidene fluoride. Both homogeneous and composite membranes on various supports are used. The hollow fiber membranes material, as a rule, is polypropylene. M. Khayet [3] formulated ten parameters to be met by membranes, of which the first is hydrophobicity. Naturally, with absolute hydrophobicity, membranes (for composite membranes, at least one of the layers must have this property) are 100% selective, since only water vapor can penetrate through them. In other works with the participation of the cited author [7, 11] , the possibility of concentrating a model brine (65 g/L NaCl) with obtaining saturated concentrate and fresh water (sodium chloride content no more than 0.5 g/L) MEMBRANES at temperatures of 45-82°C was studied using an airgap membrane distiller. Polytetrafluoroethylene flat sheet composite membranes TF200 and TF450 on a polypropylene mesh support (manufactured by Pall Corporation) were studied; the pore sizes of the membranes were 0.2 and 0.45 μm, respectively. The best results were obtained at 82°C. The sodium chloride content of the permeate was <0.5 g/L; the salt rejection for both membranes was 99.89%; and the permeate fluxes were 23.8 and 46.5 kg/(m 2 h), respectively. Such high fluxes are due to the fact that the process was carried out at a pressure of 1.5-2.9 bar of the feed brine. On the other hand, overpressure and a high initial concentration of solutions caused a sharp drop in flux (to 17.0 kg/(m 2 h) in 12 h for TF200 or to 35 kg/(m 2 h) in 6 h for TF450). Under these conditions, sodium chloride crystallization on the upstream membrane surface was observed, which led to a decrease in flux. Attempts to regenerate membranes by treating with distillate vapor did not fully restore their productivity, and they gradually lost their separation properties. The aim of this work is to study the process of concentration of highly saline water (salt content ≥50 g/kg) by membrane distillation in air gap devices of two configurations: with a dense condensation wall and with a porous wall. The results of studies of processes of this type may be of interest, for example, for the concentration of waters of various origins [13] [14] [15] [16] [17] .
EXPERIMENTAL

Membranes
In the work, the commercial composite membrane MFFK-1, manufactured by the Vladipor Scientific and Technical Center (Russia) was investigated. The MFFK-1 membrane, according to the manufacturer, is a porous polymer film material based on fluoroplastic F42L (a copolymer of tetrafluoroethylene and vinylidene fluoride) on a nonwoven substrate (polypropylene, polyethylene terephthalate) with a pore size of 0.15 μm and a total porosity of 85%. For the first time, a membrane of this type (MFFK-2, pore diameter 0.25 μm) was studied in the DCMD process for the concentration of heavy metal salts using nickel sulfate solutions [18] and the recovery of mineral (nitric and hydrochloric) acids [19] .
Feed Mixtures
As model solutions, sodium chloride solutions (which is common practice in studies of this kind [9, 10, 13, 16] ) with an initial concentration of at least 50 g/kg were used, as well as a model multicomponent solution with admixed calcium, magnesium, and sodium salts. The composition of the multicomponent solution with a of total dissolved salts content (TDS) of 50 g/kg was as follows: NaCl, 44 g; MgSO 4 , 2 g; MgCl 2 , 1 g; CaCl 2 , 1 g; and NaHCO 3 , 2 g. The quality of the chemicals was no lower than of the analytical grade. To prepare solutions, distilled water was used. The salt content in the solution was indirectly determined by the value of electrical conductivity of the solution. Electrical conductivity was measured using a WTW Cond 3210 portable conductivity meter with a WTW TetraCon 325 cell. Current salt content was determined from electrical conductivity using χ ~ f(c) calibrations. The permeate recovery was determined gravimetrically, and the concentration of cations in multicomponent solutions was determined using ion chromatography (Stayer-M chromatograph with a CD 510 detector, Shodex ICSI-50 4E cation exchange column). The accuracy of conductivity measurements was 0.1%.
Air Gap Membrane Distillation with Dense Condensation Surface (DCS-AGMD)
The experiments were carried out on the setup sketched in Fig. 1 .
The feed solution from tank 1 is forced by pump 2 to distiller pressure channel 3, where it contacts the membrane. Water vapor enters through the membrane in air gap 5, which is formed by the supporting porous plate of membrane 4 and dense cooled partition 6. The condensate stream formed on the cooled dense partition wall flows into collector 8 by the force of gravity. The fluid in loop 7-9 is circulated by a pump built in cryostat 9.
Separation was carried out at a feed mixture temperature of T f = 80°С, while the pressure downstream of the membrane space was atmospheric. The initial mass of the feed mixture was 0.5 kg. The permeate condensed at a temperature T c of ~10°C. The error of the temperature maintained in the thermostat and cryostat was ±1°C. The feed mixture and coolant temperatures at the inlet and outlet of the MD module were measured with thermometers.
The membrane area was 26 cm 2 for DCS-AGMD or 20 cm 2 for PCS-AGMD, respectively.
Air Gap Membrane Distillation with Porous
Condensation Surface (PCS-AGMD) The experiments were carried out on the setup schematically shown in Fig. 2 . The feed solution from tank 1 is pumped 2 to distiller pressure channel 3, where it contacts membrane 4. Water vapor from air gap 5 formed by the supporting porous plate of membrane 4 and a porous metal partition (condenser 6), enters through pores of this partition into the condensation chamber, which is irrigated from the back by a coolant. The coolant (it is distilled water at the beginning of the process and then a mixture of water and condensate) continuously circulates between condensation chamber 8 and permeate/coolant tank 10. After reaching a steady state, the distillate is withdrawn through tap 11.
The porous metal partition was manufactured by VMZ-Techno (Russia) from stainless steel to have a thickness 200 μm and porosity of 30%. The width of air gap 5 is 2 mm. The feed mixture circulates at a constant mass flow rate of 0.5 kg/min and a temperature of 76°C. Distilled water of 0.4 kg in mass, used as the initial coolant, circulates at a constant flow rate of 0.7 L/min and a temperature of 21°C. The temperature of the feed mixture and the coolant permeate at the inlet and outlet of the AGMD module was measured using thermometers.
The total permeate flux J, kg/(m 2 h), was determined by the gravimetric method according to the formula: (1) where m is the total mass of permeate (kg) penetrated through the membrane with an area S (m 2 ) during a time t, h.
The degree of concentration was determined according to the formula: (2) where and are the final and initial salt concentrations in the feed, respectively.
RESULTS AND ITS DISCUSSION
The data given in Fig. 3 show that there is a decrease in the permeate flux. This decrease is a natural course of the process, since the boiling point of the ,
feed solution increases with an increase in its concentration (Table 1 ) and, consequently, the partial pressure of steam decreases.
In the case of the DCS-AGMD configuration, the permeate recovery slows down earlier than in the other two cases. The early decline is apparently due to the fact that in this configuration, air resistance has a greater effect with a decrease in the vapor pressure.
From the data in Fig. 3 , it is also seen that fluxes in the device with the porous condenser are most stable over time. The direct contact of the vapor with the coolant stream through the condenser pores rules out the possibility of vapor−air backpressure on the back side of the membrane. This contact facilitates the permeate recovery because condensation in a mixture with the coolant in the case of a porous partition is more intense than that in the case of cooling through the wall of a dense partition, since the coefficient of heat transfer through the dense wall comes into play in the latter case, other conditions being equal. The combination of these factors (atmospheric pressure in the PCS-AGMD pressure compartment and constant removal of permeate vapor) creates conditions for greater stability of the permeate flux and eliminates the possibility of the formation of salt crystals on the membrane surface. Therefore, in this configuration of the apparatus, the maximum degree of concentration of both the sodium chloride solution and the model solution of mixed salts is achieved (rightmost column of Table 2 ). These factors also explain the absence of salt crystallization on the feed surface of the membrane, in contrast to the results given in [13] .
A certain decrease in the permeate recovery in the PCS-AGMD device when concentrating a solution containing hardness salts, as compared with the sodium chloride solution, is determined by the greater amount of electrolyte ions in the former solution. That is, when a part of NaCl is replaced in the solution with an equimolar amount of MgCl 2 and CaCl 2 , the concentration of Cl − anions increases and the vapor pressure decreases, thereby decreasing the permeate flux.
The data of chromatographic analysis (Table 3) of the composition of all (feed, permeate, and concentrate) streams during the concentration of the model solution of the salt mixture confirm the conclusions based on the gravimetric data presented in Table 2 .
The values of the degree of concentration in terms of the cations content are slightly lower than those presented in Table 2 as found in terms of the content of salt components of the solutions, but the general trend of change in the flux holds.
It should be noted that in the case of concentrating the model solution of the salt mixture, precipitate formation in the concentrate was observed. After filtration and drying, the mass of the precipitate was 0.24 g (0.48% of the initial total dissolved salts). Given the initial composition of the solution, it is logical to assume that the precipitate should consist of compounds of Mg 2+ and Ca 2+ cations in the form of insoluble carbonates or hydroxides. After filtration and drying, the precipitate was titrated with a decinormal hydrochloric acid solution. Since no carbon dioxide evolution was observed during the titration, it can be assumed that the obtained clear solution contained Mg 2+ and Ca 2+ chlorides, which are highly soluble in water, and the precipitate consists of Mg 2+ and Ca 2+ hydroxides only. Based on the ratio of the molar concentrations of these cations in the feed solution (0.027 and 0.009 mol/kg, respectively), the precipitate composition was calculated to contain 0.17 g of Mg(OH) 2 and 0.07 g of Ca(OH) 2 . The formation of insoluble compounds in such an amount did not affect the efficiency of the concentration process. 
CONCLUSIONS
The process of concentration of model sodium chloride solutions and a model saline solution has been studied in membrane distillation devices of two configurations with the air gap-forming partition made as (1) a dense wall or (2) a porous condenser. It has been shown that at temperatures of 76-80°C, the permeate (water vapor) fluxes during the first 10 hours are almost identical for both distillation configurations. In the following time interval, there is an obvious advantage of the device with the porous condenser partition: the permeate recovery (75.6 and 76.4%) and the degree of concentration (4.1 and 4.2) exceed those of the device with the dense air gap wall. The most stable membrane flux of the device, 7.8 or 8.4 kg/(m 2 h), is achieved under the same conditions.
It has been found that in the case of concentrating the model solution of a mixture containing ions of hardness salts, a precipitate forms (0.48% of the initial mass of salts), consisting of a mixture of magnesium and calcium hydroxides.
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